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Today’s high-power laser systems are capable of reaching photon intensities up to 1022 W cm−2,
generating plasmas when interacting with material. The high intensity and ultrashort laser
pulse duration (fs) make direct observation of plasma dynamics a challenging task. In the
field of laser-plasma physics and especially for the acceleration of ions, the spatio-temporal
intensity distribution is one of the most critical aspects. We describe a novel method based on
a single-shot (i.e. single laser pulse) chirped probing scheme, taking nine sequential frames
at framerates up to THz. This technique, to which we refer as temporally resolved intensity
contouring (TRIC) enables single-shot measurement of laser-plasma dynamics. Using TRIC,
we demonstrate the reconstruction of the complete spatio-temporal intensity distribution of a
high-power laser pulse in the focal plane at full pulse energy with sub picosecond resolution.
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Since the advent of chirped pulse amplification1, 2 high-power laser systems have evolved and
now enable novel particle acceleration techniques. Multi-GeV electrons3, x-rays 4, neutrons5 and
energetic ions6, 7 emerge from intense laser-plasma interactions with targets. A milestone for ac-
celeration of multi MeV ions has been demonstrated 20008. Short acceleration lengths (MeV/µm),
small source sizes (µm), high particle flux9, 10, poly-energetic energy distributions and broad angu-
lar divergence11 mark the key differences compared to the output from conventional accelerators.
Substantial improvements of laser and target technology have enabled higher repetition rates also
for solid targets. With the new generation of petawatt class laser systems12, 13 proton energies up
to 100 MeV14 in a single-shot and repetition rates up to 1 Hz15 at lower kinetic energies are now
available, fueling enthusiasm on the way to developing laser-driven systems11.
Two of the most influential aspects relevant to ion acceleration are the temporally resolved in-
tensity contrast16 and the transverse intensity distribution in the focal plane. Due to sub-picosecond
duration and the high peak intensity a direct measurement of such remains challenging. In fact the
spatial and temporal intensity distributions are often determined independently, for separate shots
and with attenuated beams. The temporal intensity contrast is typically measured relatively (in
relation to the peak intensity) with auto correlation methods17, 18 which integrate over the spatial
distribution. Newest approaches aiming for single-shot measurements19, 20 seem very promising
for monitoring the temporal shape of the intensity during the interaction. The spatial intensity dis-
tribution is usually measured with time-integrating beam profilers using an attenuated laser pulse
and the anticipated high intensities require mapping with high dynamic range (at least five orders
of magnitude) in order to avoid an overestimation of the peak intensity at focus21.
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A combined spatio-temporal measurement of an attenuated high-power laser focus has re-
cently been demonstrated for the first time22. Although several techniques allow the analysis of
the spatial and temporal intensity distribution of a high-power laser focus, it has not been di-
rectly accessible during a laser-plasma interaction. Here we describe a technique that measures
the spatio-temporal evolution of a laser-induced plasma on target for a single shot. This not only
yields information about the evolution of plasma formation, but can be further interpreted to re-
trieve the absolute spatio-temporal intensity distribution (STID) of a high-power laser in the focal
plane at full intensity. Within a single shot we measure temporally resolved intensity contours
with sub-picosecond temporal resolution and about 25 µm spatial resolution. With each additional
measurement with modified laser intensity (in our example five pulses) we add∼one order of mag-
nitude to the covered dynamic range of our measurement. Because there are no direct comparisons
with our novel technique, we extract the transverse spatial and the temporal profiles of the three-
dimensional intensity distribution function, and compare them to the standard techniques, i.e. a
spatial high dynamic range (HDR) focus image (integrated over the full laser pulse duration) and
a temporal contrast measurement taken with a third-order auto-correlator.
Experimental Setups The experimental setup resembles a typical pump-probe configuration and
is shown in Fig. 1. The Ti:Sapphire system provides 374 mJ on target within 30 fs with a spectral
range of 760 nm to 840 nm. The laser is focused onto a 200 nm thick Formvar foil target23 with
a diameter of 2 mm which is positioned for irradiation at 45 degree incidence. A small fraction
of the 30fs laser beam is coupled out in advance to provide the probe beam. After traversing a
glass rod, the resulting chirped probe pulse of 2 ps duration is overlapped perpendicularly with
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Figure 1: Experimental Setup for TRIC. A Ti:Sa laser pulse (1) is focused onto a 200 nm thick
Formvar target (2) at 45◦ incidence. A small part of the short laser pulse is coupled out earlier (3) and
sent through a glass rod (4). The emerging chirped pulse (5) passes the target perpendicular to the main
pulse. In the imaging path, the probe beam is multiplied using a low dispersion transmission grating (6).
A small frequency range is cut out of each of the replicas by narrow bandpass filters (7) before being
recorded with a camera (8). The bottom row shows a sample picture series recorded in a single-shot.
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the main laser pulse at the target. The transmitted probe light is collected with a lens, guided
from the vacuum chamber and imaged with another lens onto a camera (Prosilica GT 4907, Allied
Vision). A 2D grating (Collischon, 15 µm lattice constant) is positioned between the lens and the
CCD chip, such that nine spatially separated replicated images are accommodated on the camera
chip. Each image still contains the complete spectrum. By adding nine different narrow band-pass
filters (band-width of 10 nm) in front of the camera chip at the positions of the replicas they will be
spectrally filtered and thus correlated temporal information is imprinted24, 25 onto each image. The
time delay between subsequent images is defined by the set spectral chirp and in our case set to 222
fs (see methods). We thus measure nine sequenced images with a frame rate of 5 THz, revealing the
plasma evolution in response to a high-power laser pulse interacting with a solid density target. It is
worth mentioning, that this implementation can considerably simplify single-shot probe schemes
that have been realized in the past26–28. An exemplary raw image of such measurement is displayed
in Fig.1.
The image appears bright in areas where the target remains transparent and dark in areas,
where the target became opaque. The cause for this binary image information is the change in
the optical transmission of the evolving plasma. When the free electron density becomes larger
than the critical density ne > nc, the plasma turns reflective for the incoming probe pulse. The
horizontal dimension recorded in the image contains convoluted information since the laser and
the orthogonal probe pulse both hit the target under an angle of 45 degree. The probe image is thus
a projection. At the same time, the orientation of the target with respect to the drive-beam implies
that non-central parts of the target interact with the laser in out-of-focus planes causing a complex
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Figure 2: Nexus of damage threshold and ionization threshold. This figure shows separately ob-
tained images of the laser focus, the probe image and the damage at the target after the shot. The
configuration can be seen in a, a 20 times magnifying microsope views the target under an angle of 45◦
and also measures an attenuated pulse in the focal plane b. The damage at the target with intensity I5
is shown in c. A shot with intensity I4 compares the damage of the target e to the probe image d. The
table f lists the laser energies on target and corresponding intensities used during the experiment.
two-fold convolution of time and space. A spatial difference in horizontal dimension of 60 µm in
the image, corresponds to a time difference of 200 fs of both the laser and probe pulse hitting the
target. For simplicity we therefore only consider the vertical dimension, where those effects do not
play a role.
Relation of laser intensity and plasma shape The measured average plasma growth rate of the
single-shot image-sequence in Fig. 1 is evaluated to be about 30% of the speed of light. But as we
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will show, this is not due to kinetic plasma expansion. Since the majority of the plasma growth (in
vertical dimension) took place prior to arrival of the main pulse (time t=0) and its extent remained
unchanged for several 10s of picoseconds afterwards, we examined the source of the growing
over-dense area in more detail.
We varied the laser intensity and compared the spatial intensity distribution of the laser focus
with the plasma size during the interaction and the damage (hole) at the target after the shot.
The laser energy was varied by adding neutral density filters in the beam-path of the laser before
compression and thus attenuating both the main pulse and the probe pulse. The corresponding
intensities are shown in Fig. 2f. The damage in the target after the shot with intensity I5 is shown
in Fig 2c. Since the angle of the target was 45 degree with respect to the laser axis and thus also
to the microscope (Fig 2a), only the central vertical axis appears sharp. Comparison to the focal
image of the attenuated beam (Fig. 2b) indicates great resemblance. The picture was taken with the
same microscope. Comparison of the laser intensity profile (Fig. 2b) and the damage spot (Fig. 2c)
indicates the shape of the damage to be directly correlated to the shape of the laser focus. The laser
focus was distorted to make this effect more clear. In Fig. 2d we see the measured plasma shape
with the probing technique after t=0 (largest contour) with an intensity of I4 of the main pulse.
The hole in the target foil after the shot is shown in Fig. 2e and again the shapes in Fig. 2d and
Fig. 2e show excellent resemblance. This indicates that the ionization threshold of the Formvar
target can be related to its damage threshold29. We hence assume that the measured plasma contour
is the isosurface of the laser focus intensity reaching the damage threshold and thus establishing
abruptly an overdense plasma. One source of temporal measurement uncertainty is the time it takes
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the plasma to evolve from being underdense to overdense. The damage threshold Ith = 6±5 ·1013
W cm−2 (see methods) of the used material was evaluated by reducing the laser energy and thus the
intensity until no damage (hole) was measurable at the target after the shot (see methods).
Results
Spatio-Temporal-Intensity-Distribution. The measured contour lines originate when the STID
reaches the damage-threshold. The intensity at the edge contour is thus
I(x, y, t) = Ith. (1)
The intensity of the measured contour in the probe image is known but its inner intensity
remains inaccessible due to the binary nature of the recorded data. Assuming that an attenuation
of the beam by using neutral density filters with factors Ci, does not change the STID at focus, we
can overcome this limitation. Repeating measurements with an additional attenuation by the factor
Ci of the laser pulse yields a contour that encloses a smaller area because Ith is unaltered. Scaling
this contour back to the full intensity of the pulse results in a scaled edge contour intensity:
Iseci(x, y, t) = Ith · Ci. (2)
Repeating this for several Ci yields the absolute spatio-temporal intensity map as shown in
Fig. 3. Each row corresponds to a single-shot with different attenuation coefficient and thus the
scaled contour corresponds to a different intensityIseci. The summation over those measurements
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Figure 3: Spatio-temporal intensity distribution. a shows the scaled edge contours exceeding a
certain intensity Iseci. Each row corresponds to a single-shot with a certain laser intensity (attenuation
coefficient) of the laser pulse and thus a different intensity of the scaled edge contour line. While the
edges exactly have the depicted intensity, the inner part of the enclosed contour cannot be specified.
The table shows the used peak laser intensities and the corresponding measured scaled edge contour
intensity. The yellow frame shows the spatial distribution at the peak of the laser pulse t = 189 fs (first
frame after t=0) and the red line the temporal intensity distribution of x = 0 µm and y = 15 µm. b is the
absolute spatio-temporal intensity map and is the main result. Each timestep represents the summation
over a column in a.
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enables the retrieval of the absolute spatial intensity distribution of the laser focus at distinct time-
steps and is shown in Fig. 3b. Fig. 3b is thus the complete STID of a high-power laser pulse in the
focal plane, measured at full pulse energy on target and represents our main result. The intensity
map features measuring the spatial intensity profiles at select time steps and reveals the temporal
dynamics at a given position. The most interesting cases are the spatial distribution of the peak
intensity (t = 0) and the temporal contrast at the central point (x = 0 and y = 0). We therefore
evaluated I(x, y, t = 189 fs) as displayed in Fig. 4a, since it was the closest timestep past the
interaction with the peak of the main pulse (t = 0) and I(x = 0 µm, y = 15 µm, t) as displayed in
Fig. 4b. Due to in its current form limited spatial resolution we could not resolve the central area
∼ 25 µm. Therefore the most intense measured contour represents 3.18 · 1017 W cm−2, which is
orders of magnitude below the classically estimated peak intensity of 5.76 · 1019 W cm−2.
Comparison to contrast curve and laser focus. To assess our method we compared the extracted
temporal and spatial intensity distribution to data obtained by conventional methods, a contrast pro-
file of a third order auto-correlator (integrated over space) g(t) and a high-dynamic-range (HDR)
image of the laser in the focal plane (integrated over time) f(x, y)21. Both of those standard mea-
surements yield only relative information, which we scale to absolute values by calculating
I(x, y, t) = ELaser · f(x, y) · g(t), (3)
where ELaser = 374 mJ is the full laser pulse energy measured with a power meter. The spatial
shape function of the laser focus f(x, y) and the temporal laser contrast-curve g(t) are both nor-
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Figure 4: Comparison of TRIC to contrast curve and HDR focus image. a, compares the intensity
distribution measured with TRIC and with a HDR camera. Lineouts of the HDR focus (left inset) and
the TRIC focus (right inset) are shown. b, shows the temporal contrast of TRIC at x = 0 µm and y = 15
µm. For comparison the right axis shows a normalization compared to the measurement taken with the
Sequoia-autocorrelator.
malized,
´
f(x, y) dx dy = 1 and
´
g(t) dt = 1. Note that this separation of the temporal and
spatial profiles neglects effects of spatio-temporal-coupling30 by definition.
HDR focus picture. The HDR focus image is the integrated spatial distribution over the full dura-
tion of the laser pulse and can thus be normalized to f(x, y). Assuming a Gaussian profile for the
temporal distribution of the laser pulse, with a full-width at half-maximum (τFWHM ) of 30 fs (laser
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pulse duration), the spatial intensity distribution of a measured HDR laser focus at time t = 0 is
I(x, y, t = 0) = ELaser · f(x, y) · 1√
2piσ
, (4)
with σ = τFWHM
2.35
.
Fig. 4a compares a line-out of this function along the vertical dimension (at x=0) with
the result obtained by TRIC at t = 189 fs. The focus, measured offline with the camera, appears
continuous since it has more data points, while TRIC contributes a small number of points (dictated
by the number of shots with different attenuation coefficients). In the overlap region, both methods
yield similar comparable results. With TRIC we can measure down to Ith, which exceeds the
capability of HDR imaging as this is limited by damage of the camera. With an increased spatial
resolution of TRIC, we expect to resolve also the peak of the pulse such that a 7 orders of magnitude
dynamic range seems feasible. The horizontal error bar originates from the readout of the diameter
of the contour. The rather large error bar for the evaluated intensities is due to the error of the
determination in the damage threshold.
The temporal intensity distribution. The Sequoia is a scanning third order auto-correlator and
measures the temporal intensity contrast relative to the laser peak. Comparison to the absolute
temporal intensity evolution at a fixed spatial position, as accessible with TRIC, requires more
assumptions. We thus solely compare the autocorrelator contrast curve to a normalized curve
measured with TRIC as indicated in Fig. 4b (right axis). We normalized both intensities such
that the peak (t = 0) is equal to one. The extent of temporal error bars of TRIC is attributed to
the time interval correlated to the width of the bandpass filters for each timestep in addition to an
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increment from time delay uncertainty. The intensity error bars originate from the uncertainty of
the determined damage threshold. The TRIC values follow the shape of the autocorrelation trace
but indicate reduced temporal contrast. The reason for this is not clear and is likely due to spatio-
temporal coupling that only manifests in the focus of the pulse where TRIC is applied. It highlights
the necessity of monitoring and controlling the laser contrast on target at full energy, especially in
the focal plane. More detailed measurements with an improved spatial resolution will help to shed
light on this interesting aspect.
Summary and Discussion
By using an elegant and simple method of beam multiplexing we enable recording of nine images
of the plasma evolution during the interaction of a high-power laser pulse with a thin solid density
target in a single-shot. Our interpretation of the such obtained images in the framework of TRIC
yields information about the absolute STID in the focus of a high-power laser pulse.
This is specially interesting in combination with plasma mirrors31 or other nonlinear techniques32
that aim to manipulate the laser pulse close to target. TRIC gives access to the spatial intensity
distribution at energies slightly above Ith. The measured large diameter here could directly explain
the damage extension to the neighboring targets (’fratricide’) as often observed in laser-plasma
experiments. We note that it requires still analytical effort to account for the horizontal dimen-
sion. Because the ignition of the plasma and thus the change of opacity is irreversible on ultra-fast
timescales, TRIC only yields information of the rising slope of the laser pulse. Improving the res-
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olution to a few µm will increase the sensitivity to prepulses just above the damage threshold. A
more detailed evaluation of the damage threshold would further allow a reduction of the error bar
and thus an even more accurate determination of the absolute intensity distribution on target.
The elegance of the nine frame imaging, solely using the natural features of a broadband
highly intense laser-pulse, can be adapted to other, more complicated probing techniques, e.g. us-
ing holography33, 34 instead of binary shadowgraphy. It can therefore add a temporal component
to diverse probing experiments. Thus, we see TRIC as a very first step that is accessible with this
technique. In the future we foresee use for different pump-probe modalities (e.g. protons, elec-
trons, laser-pulse, x-rays), in particular when those are intrinsically synchronized via laser-driven
particle acceleration processes. The demonstrated sub-ps temporal resolution further expands the
development of time-of-flight measurement35, 36 of ion bunches with combined temporal and 2D
spatial resolution.
Methods
The probe pulse was coupled out with a pick off mirror at the edge of the main laser pulse in the
target chamber (spatial sampling). The timing of the probe beam with respect to the main laser
pulse was controlled with a delay stage. The probe beam was then guided through an aperture of
7.5 mm diameter having an energy up to 5 µJ. This aperture was imaged onto the interaction point
(IP). A glass rod of 3 cm length was introduced in the beam path prior to target in order to chirp
the pulse up to 2 ps. The IP is then further imaged onto a camera via a two lens system.
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The magnification of the optical system is measured with the known aperture in the probe beam.
The aperture is imaged onto the IP with a nine times demagnification, resulting in a aperture of
834 µm in the IP. The resulting magnification of the optical probe image was 6.5.
The zero timing describes the coincidence of the incident of probe and main pulse on the target.
It was measured with the use of an air plasma ignited by the attenuated pump pulse in air. A
high-power laser pulse can generate an air plasma when a certain intensity threshold 37 is reached.
Therefore the laser intensity was diminished until the air plasma was solely visible in one or two
of the nine frames and therefore marking the peak of the laser pulse with an accuracy of ±222 fs .
The frame-rate of the camera is set by the temporal spacing of the spectral images and the chirp
of the probe pulse. Therefore the group velocity dispersion has to be calculated including complete
knowledge of the stretching material in the probe beam and respective material characteristics.
Since multiple error sources are introduced, we chose a different approach. Two nine-frame images
are created, differing in delay by 1000 steps of the motor of the delay stage. If a specific plasma
size is observed in two different frames of both nine-frame images, one can check for the change in
the frame number and unambiguously correlate frame-number and temporal delay. Knowing that
1000 steps equal a delay of 666 fs the frame-rate can be simply calculated. In the setup described
above, a 3 cm glass rod resulted in a delay of 222 fs between each frame and a total observation
time of 2 ps within a single-shot.
The damage theshold was determined by focusing the main laser pulse onto a 200 nm thick
plastic foil with a peak intensity that was calculated via equation 4. The target was examined after
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the shot with a 20 times magnifying microscope in the vacuum chamber. By reducing the intensity
stepwise according to the values given in Fig. 2 we identified that the target was not damaged
after a single-shot with peak intensity I7 = 5.77 · 1013 W cm−2, whereas the target showed a clear
hole after a shot with I6. We thus, supported by the extensions of the damage after a shot with I6,
determined the damage threshold of the 200 nm plastic target to be Ith = 6± 5 · 1013 W cm−2. The
large error bar could be reduced by more detailed measurements with smaller steps of the intensity
variation. We also note, that we determine the damage threshold as indistinguishable from the
ionization threshold, breaking the bindings and thus destroying the target. An alteration of the
target surface occurs at even lower intensities and is often also referred to as damage.
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